A cryopreservation condition for D-amino acid oxidase (DAAO)-overexpressing Escherichia coli (E. coli BL21(DE3)/pET-DAAO) was established. Ten percent was the optimum concentration of glycerol as a cryoprotectant, and its diffusion into stationary phase cells was superior to that into log cells. The results also showed that rather than fast cooling, a slow cooling method was appropriate to our recombinant E. coli. In addition, 15 min was the best equilibration period, at which higher than 90% of recovery rates were maintained at all test points. Most importantly, the relative recovery rates, product yield, and fermentation pattern of the cell banks (CBs) constructed according to our cryopreservation method did not change over 12 months, confirming that our method not only permits exceptional cryopreservation, but offers prolonged productivity. Taken together, our results demonstrating a cryopreservation method for E. coli BL21(DE3)/ pET-DAAO provide insight into an improvement in the industrial production of DAAO.
Genetically stabilizing living cells has been considered an indispensable stage in reproducible production and continuity in the fermentation industry. 1) Microbial cells can be stabilized by subjecting them to low temperatures, such as lower than À60 C. 1) This process is called cryopreservation, an applied area of cryobiology elucidating the effects of low temperatures on living materials and systems, including proteins, cells, and whole organisms. In many manufacturing cycles, a twotiered cell banking system consisting of a master cell bank (MCB) and a working cell bank (WCB) is recommended.
2) The MCB is established from a single clone and must be characterized. The WCB is formed from the expanded MCB, which is characterized for cell viability prior to use in the manufacturing process. All biological activities, including cell death reactions, are theoretically stopped at low temperatures in cyopreservation, but the preserved cells are often damaged during cooling to cryogenic temperatures and/or warming from the frozen state. Ice crystal formation, extracellular ice formation, dehydration, and solution effects have been suggested to be critical factors determining cell inactivation during cryopreservation. 3) One of the difficult compromises in artificial cryopreservation is limiting the damage produced by the cryopreservation itself. Cryoprotective agents such as dimethylsulfoxide (DMSO) [4] [5] [6] [7] [8] and glycerol [9] [10] [11] [12] [13] protect cells during freezing by decreasing the detrimental effects of increased solute concentration and ice crystal formation.
14) The choice of a cryoprotective agent is dependent on the type of cell to be preserved. For most cells, DMSO is often toxic at high concentrations, which has generally led to the use of glycerol as a superior cryoprotectant for microorganisms. 15, 16) Recombinant DNA technology has been made possible by isolating and amplifying genes or DNA fragments and inserting them with precision into microbial cells. Some types of cells, such as Escherichia coli, Bacillus subtilis, and Saccharomyces cerevisiae, have been in favor in industrial processes due to their well-elucidated genetic background. Although genetically modified organisms have been preserved in a manner similar to the unmodified host cell in most cases, 1, 3, 17) one of fundamental problems in the process of creating a transgenic microbial cell line has been to establish an efficient preservation method. 18, 19) Few attempts have thus far been undertaken to describe comprehensively the critical factors in the cryopreservation of recombinant microbial cells, such as cell harvesting points, cryoprotectant concentration, cooling rate, and equilibration time, and these are poorly correlated at best. In our previous study, the gene encoding DAAO from Trigonopsis variabilis CBS 4095 was cloned and expressed in E. coli BL21 (DE3). 20) Although the optimum fermentation condition that yielded efficient DAAO production for industrial applications using recombinant E. coli was also investigated, it was impossible to stabilize the recombinant microbial cells genetically and maintain optimum DAAO productivity, due to the scarcity of information on the optimum cryopreservation conditions. In present study, further insight was perhaps gained into conditions, under which an efficient and safe preservation method for DAAO-overexpressing E. coli, E. coli BL21(DE3)/pET-DAAO, can be established and its MCB and WCB can be constructed, which result in an improvement in the industrial production of DAAO. 20) In addition, through a systematical approach to the critical factors in the cryopreservation of a recombinant microbial cell line, this study can perhaps serve as a starting point for the generation of a comprehensive reference map during the establishment of a cell banking system for recombinant microbial cells.
Materials and Methods
Strains. E. coli BL21 (DE3)/pET-DAAO overproducing DAAO 20) was prepared by cloning the DAAO of T. variabilis CBS 4095 into E. coli BL21 (DE3). T. variabilis CBS 4095 and E. coli BL21 (DE3) were obtained from CBS (Centraalbureau voor Schimmelcultures, Utrecht, Netherlands) and Novagen (San Diego, CA), respectively.
Culture media. LB medium was used in both cultivation and cryopreservation of the DAAO-overexpressing recombinant E. coli. The DAAO production medium was as follows: 10 g/l of glucose; Culture and cryopreservation of recombinant E. coli BL21(DE3)/ pET-DAAO. To test the cryopreservation conditions, the recombinant microorganism was cultivated for 24 h on an LB-agar plate containing 0.02 g/l of kanamycin. After the cells were harvested with 1.5 ml of saline solution, 0.5 ml of the cell suspension was inoculated into a 100-ml Erlenmeyer flask containing 10 ml of LB medium, where 0.02 g/l of kanamycin was used to maintain the plasmid. After 4-6 h cultivation at 37 C, 0.5 ml of culture broth was inoculated into 10 ml of fresh LB medium containing 0.02 g/l of kanamycin and cultivated at 37
C. An equal volume of fresh LB medium containing a cryoprotectant was added to the culture broth according to the experimental design, and 1.5-ml aliquots were made with a 5-ml cryotube (Nalgene, Rochester, NY). The cells were maintained at À75 C in all experiments. In case of negative control stocks, cells were harvested at the log phase of OD 600 of 2 to 3 and frozen with 10% glycerol by a rapid cooling method without equilibration time. To check DAAO activity, the cryopreserved cells were thawed, inoculated into LB medium, and cultivated for 5 h. Culture broth (0.5 ml) was transferred to a 500-ml Erlenmeyer flask containing 50 ml of production medium. DAAO was induced by 0.1 mM IPTG after 4 h of cultivation, and its activity was assayed after another 20 h of cultivation.
Fermentation for DAAO production. A DAAO production test was performed in a 30-liter jar fermentor (Korea Fermentor, Inchon, Korea) with a 15-liter working volume, as described in a previous report. 20) The main fermentation was carried out with 1% of the inoculum, and the pH of the culture broth was adjusted to 7.0 with 25% ammonia water. The substrate feeding strategy was the glucose concentration control method based on pH-stat, and the glucose concentration in the culture broth was maintained below 0.05%. The DO concentration was monitored with a polarographic oxygen electrode (InPro Ò oxygen sensor, Mettler Toledo, Greifensee, Switzerland), and controlled by varying the agitation speed and aeration rate. The culture temperature was maintained initially at 35 C, and then changed to 21 C according to cell growth (28 C at OD 600 20, and 21 C at OD 600 30). In the induction of DAAO enzyme, 20 g/l of lactose was used.
Analytical methods. Cell viability before and after freezing and thawing was determined by colony forming units (CFUs) on LB agar plates. CFUs were counted after overnight culture, and the results were expressed as averages for three independent experiments, each performed in triplicate. These values were also used to calculate the recovery rate by the following equation: recovery rate (%) = (CFU after storage/CFU before freezing) Â 100. Cell growth was monitored by broth OD using a UV-Vis spectrophotometer (Hewlett Packard, Waldbronn, Germany) at 600 nm. DAAO activity was analyzed as described in a previous report. 20) Briefly, DAAO activity was assayed using a polarographic oxygen electrode (InPro Ò oxygen sensor, Greifensee, Switzerland), measuring the rate of oxygen consumption in the presence of cephalosporin C (CPC). The reaction was carried out at 25 C in 100 mM potassium phosphate buffer, pH 8.0, containing 20 mM CPC and an appropriate amount of crude extract obtained from sonicated cells. One unit of enzyme was defined as the amount of enzyme that consumes 1 mmol of oxygen per min.
Results and Discussion
Effect of cell-harvesting points on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO
We examined the effect of cell-harvesting points on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO (Table 1) . Stocks of recombinant E. coli in the log and stationary phases were established, and their CFUs were measured after 1 d, 1 month, and 2 months. Glycerol (10%) was used as a cryoprotectant during rapid freezing and thawing. Slight differences in recovery rates were observed between the stationary phase groups and the log groups at all test points. After 2 months of storage, the recovery rate of the log-phase cells was 10% lower than that of the stationary cells. These results appear to run parallel to a previous report suggesting that microbial cells in the late log and early stationary phases are more resistant to freezingcaused damage than younger or older cells. 21) Considering that cryoprotective agents function by penetrating cells, disturbing the formation of ice crystals, and minimizing the solution effects, 22) the possibility that in our system at least one of these functions of glycerol in the mature cells was superior to that in the log-phase cells should be taken into consideration in future investigation. OD 600 4.2 of the stationary phase was selected as a harvesting point in subsequent study.
Effect of glycerol concentration on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO To determine the optimum concentration of cryoprotectant, the effects of various concentrations of glycerol on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO was assayed (Table 2) . After microbial cells in the stationary phase were rapidly frozen with 5, 10, 15, or 20% glycerol, the CFUs were counted. Ten-percent glycerol showed the most protective effect. This maintained approximately 74, 68, and 66% recovery rates after 1 d, 1 month, and 2 months of storage respectively. However, in the case of 20%, a detrimental impact on cryorecovery was detected after 1 month of storage, and became aggravated in a timedependent manner, indicating that glycerol had antiproliferative and/or cytotoxic effects at high concentrations. It should be also noted that 10% lowered CFU was a CFU, colony forming unit b Recovery rate (%) = (CFU after storage/CFU before freezing) Â 100 observed in the 5 and 15% glycerol groups after 2 months of storage, in contrast to storage periods of 1 d and 1 month, at which stable cryorecovery rates between 57 and 70% were maintained. Hence, we concluded that 10% is the optimum concentration of glycerol as a cryoprotectant.
Effect of cooling rate on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO
It has been suggested that intracellular ice formation and solution effects are two major factors determining cell damage during cryopreservation, and that the effect of each is diminished by an optimum cooling rate as well as the use of cryoprotective chemicals. 1, 23) Cryorecovery was compared between rapidly frozen cells using an Immersion cooler (Neslab, Newington, NH) and slowly frozen cells using Mr. Frosty (Nalgene, Rochester, NY), which provides a critical repeatable 1 C/min cooling rate (Table 3) . Glycerol was used as a cryoprotectant during freezing and thawing. Rather than rapid freezing, the slow freezing method appeared to be appropriate for our DAAO-producing recombinant E. coli BL21(DE3)/pET-DAAO; 13-15% higher recovery rates were observed in the slowly frozen groups than in the rapidly frozen groups at all test points. Compared with rapid cooling, which diminishes the solute concentration effects due to consistent ice formation but results in more internal ice, slow cooling causes greater water loss and less ice inside the cells, but increases the solution effects.
1) It is known that the cryorecovery rates by fast cooling and slow cooling show considerable, cell type-dependent differences. [23] [24] [25] Cell permeability is a critical factor in determining the rate of water loss; more permeable cells endure rapid cooling better than less permeable cells. 1, 24) A large-scale study to confirm the permeability of our E. coli BL21(DE3)/pET-DAAO will be necessary to understand its susceptibility to cryopreservation-induced damage in detail.
Effect of equilibration time on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO
The effect of the equilibration period between mixing the cryoprotectant with the cell suspension and the beginning of the cooling process on the cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO was examined.
1) One d, 1 month, and 2 months after cryopreserved with 10% glycerol, the cells were reconstituted and assayed to measure their recovery rates (Table 4) . Fifteen min appeared to be the best equilibration period in our work system when higher than 90% of recovery rates were kept at all test points, up to 2 months. However, an equilibration period of more than 30 min caused significantly decreased cryorecovery rates in a storage period-dependent manner, which might have been due to prolonged exposure to the cytotoxic effects of glycerol. 1) This result also corresponds to the result shown in Table 2 , that glycerol at high concentrations disturbed the cryorecovery of the microbial cells. In addition, less than 15 min of equilibration might be not enough to protect microbial cells from cryopreservation-induced damage; decreased cell viability was observed at all test points. We concluded that the cryoprotectant needs more than 15 min to penetrate the cell membrane and alleviate ice crystal formation and solution effects in the cytosol.
Comparison of standard and optimized cryopreservation methods
To confirm the efficiency of the optimized cryopreservation method, we carried out an experiment to compare the standard and optimized methods. According to the optimized method, cells were harvested at the stationary phase, equilibrated for 15 min with 10% glycerol, and frozen by the slow cooling method. As shown in Table 5 , in case of the standard method, in which cells were harvested at the log-phase and rapidly frozen with 10% glycerol without an equilibration period, a detrimental impact was detected after 1 d of storage, resulting in sharp decreases in the cryorecovery rate (about 62%) and the product yield (about 54%). However, the combination of positive conditions obtained from the results of this study improved the cell recovery rate and yielded good product yield maintenance. This result confirmed that our method permits exceptional cryopreservation of recombinant E. coli BL21(DE3)/pET-DAAO.
Effect of storage periods on the relative recovery rates and product yields of CBs
The relative recovery rates and product yields of the MCBs and WCBs produced by our optimized cryopreservation method were determined. After maintenance at À75
C for 3, 6, 9, or 12 months, the viability and productivity of the MCBs and WCBs were tested. Table 6 shows that regardless of the cell bank type, more than 90% recovery rates were maintained at all test points, including 12 months. Moreover, a DAAO productivity of 2.2-2.7 U/ml was maintained. Based on this finding, we concluded that our optimized cryopreservation method is a very effective method of long-term storage of recombinant E. coli BL21(DE3)/ pET-DAAO.
Fermentation patterns of freshly prepared original and long-term-stored WCBs
A WCB prepared from 12 month-stored MCB was recryopreserved for another 12 months, and its growth Cell growth (OD at 600nm) and activity were compared to those of a freshly prepared original WCB. As shown in Fig. 1 , the fermentation patterns of the two groups were alike, indicating that our results suggesting an optimum cryopreservation method provide further insight into stable and efficient industrial production of DAAO using recombinant E. coli BL21(DE3)/pET-DAAO. Taken together, our results indicate an optimum cryopreservation method for DAAO-producing recombinant E. coli BL21(DE3)/pET-DAAO, that might provide further insight into improvement of the industrial production of DAAO.
